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I. INTRODUCTION

The obJectives of this research are to determine the mechanisms by
which an ablating elastomeric insulating material provides thermal
protection for a substrate, to determine how much protectlion each
mechanlsm actually contributes, to determine how much more protection
each mechanism could contribute, and finally to show how the various
constituents could be selected to maximlze the thermal protection.

The study of temperatures and products of thermal decomposition of
cured and uncured, saturated and unsaturated rubbers showed that the
rubbers decomposed largely to liquid products and a small amount of
gaseous hydrocarbons. There was little tendency to form a coherent,
carbonaceous char. About 2 phr sulfur cure provided the maximum
quantity of carbonaceous residue; increased sulfur had no beneficilal
effect.

Fillers such as Cabot Sterling R carbon black and Monsanto's Santoceg3
silica had 1ittle effect on the quantity of char produced by thermal
decomposition of the rubbers. Additionally, the quantity of carbon-
aceous char was decreased 1in nearly all cases when a heating rate for
decomposition of 2000°F/minute was employed compared with the results
using a heating rate of 30°F/minute.

We have now shown that the quantity of char produced by the rubbers
can be significantly increased by using a nickel metal dehydrogenation
catalyst as a filler. The increased quantity of char and of hydrogen
gas 1s particularly striking for the saturated butyl and the saturated
ethylene-propylene rubbers when they are decomposed using a heating
rate of 2000°F/minute.

A conslderable portion of the research reported here was conducted
using uncured, filled rubbers decomposed at a heating rate of 30°F/
minute. These were largely screening tests designed to test rapidly
the potential utility of a wide variety of catalytlic fillers and other
materlals. In instances where high temperature vulcanizing agents
were employed, comparative information on thermal decompositions

could be obtained only with uncured rubber. Screening tests have now
been largely completed, and future work will be conducted using cured
rubbers decomposed at high heating rates (2000°F/minute).

The preclious metals platinum and palladium were tested largely because
of thelr known catalytic activity. Because of their high cost, we do
not intend that these catalysts be considered as fillers in actual
elastomeric insulation materlals. Conveniently, it turned out that
the more Iinexpensive nickel catalysts were, in fact, more active.



IT. SUMMARY

The research effort in the first half of the program was concerned
largely with a study of the temperatures and products of thermal de-
composition of rubbers filled with refractory materials commonly
employed in elastomeric insulating materials. These results showed
that only small amcunts of char and hydrogen gas formed during thermal
decomposition. The research of the past quarter has been devoted

to a study of methods by which the quantities of char and of hydrogen
gas formed by the rubbers can be increased. Calculations have also
been completed that show the significant mechanlsms by which a rubber
absorbs heat during ablation. The subjects to be discussed in this
report are listed below:

1. The catalytic activity of both supported metal and metal oxlde
dehydrogenation catalysts on the formation of char and hydrogen
gas by rubbers when they are decomposed at low and high heating
rates;

2. The relative charring ablility of saturated and unsaturated rubbers
filled with dehydrogenation catalysts;

3. The effect of nickel catalyst content on char and hydrogen gas
formation by saturated rubbers;

4, The effect of the catalyst support on the catalytic activity of
the metal and on the strength of the char;

5. The effect of carbon-to-carbon crosslinkages on the decomposition
temperature of the rubber;

6. Calculations that show the significant mechanisms by which a
rubber absorbs heat during ablation, the maximum quantity of
heat that the rubbers could absorb, the approximate efficlency
of rubbers currently used in elastomers insulating materials,
and the approximate efficiency of rubbers filled with a supported
metal catalyst.

A study of thermal decomposition of a styrene-butadiene and saturated
ethylene-propylene rubbers filled with 50 phr catalytic fillers using

a heating rate of 30°F/minute showed that the supported metals nickel,
platinum, and palladium were most effective in producing increased
quantlties of carbonaceous residue. Rhodium, vanadium, iron, and
cobalt metals were much less effective, and metal oxide dehydrogenation
catalysts were practically ineffective. An increase in the quantity of
char was always accompanied by an increase in both the molar fraction
of hydrogen 1n the gases not condensible at room temperature and an
increase in the total quantity of hydrogen.

2.
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In experiments using nickel catalyst as filler and a heating rate

of 30°F/minute, unsaturated rubbers (from dienes) generally produced

a greater quantlity of carbonaceous residue than the saturated rubbers.
The cured acrylonitrile-butadiene rubber produced 69 wt-% residue,
based on rubber. These compositlions produced less carbonaceous residue
when they were decomposed using a heating rate of 2000°F/minute.

Contrary to all previous experience, the saturated rubbers filled with
nickel catalyst ylelded a greatly increased quantity of char at the
high heating rate. The saturated butyl rubber produced 45 wt-% char,
the ethylene-propylene rubber giving 25 wt-% char. These are the
highest ylelds of residue yet obtained at the high heating rate.

COMPARISON OF CHAR FORMATION BY UNCURED RUBBERS
FILLED WITH NICKEL CATALYST*

Wt %-Char**
at Heating Rate
Rubber 50 F/min. 20007F/min.
Saturated Butyl 7.0 45.0
Saturated Ethylene-Propylene 4.1 25.1
Acrylonitrile-Butadiene 37 20.5
Styrene-Butadiene 19 7.9

* 50 phr nickel catalyst (A); see glossary of terms for identification

** Based on weight of polymer.

The amount of nickel catalyst in the saturated butyl and ethylene-
propylene rubber can be reduced to about 20 phr and 10 phr, respectively,
without significantly decreasing the quantities of char and hydrogen

gas produced by thermal decomposition at the high heating rate.

The nature of the catalyst support had a significant effect on the
strength of the resulting char as well as on the catalytic activity of
the supported metal. A high yield of residue from the rubber did not
necessarily give a high strength char. Preliminary experiments showed
that the blending of fillers may produce a catalytically active filler
that provides a strong char layer. Nickel deposited on silica gel

or asbestos was much less active than nickel deposited on kieselguhr
or silica-alumina cracking catalyst.

Studlies of thermal decomposition of a saturated ethylene-propylene

rubber using a heating rate of 30°F/minute have shown that although
increased carbon-to-carbon crosslinkages do not increase the yleld of

3.
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carbonaceous residue they do increase the apparent decomposition
temperature of the rubber.

Hydrazobenzene and azobenzene decompose at high temperatures to yleld
free radicals that crosslink an uncured ethylene-propylene rubber as
shown by 1ts apparent increased decomposition temperature. On the
other hand, compounds that act as free radical traps increase the
apparent decomposition temperature of an uncured ethylene-propylene
rubber, probably by slowing down the rate of normal thermal decomposi-
tion of the polymer. Of course, elther one of these different types
of additives could be employed in the rubber, but they cannot be used
in combination.

Transpirational cooling by hydrogen gas 1is the most important mechanism
of heat absorption by an ablating elastomeric insulatlion material.
Calculations, presented in a subsequent section, of the maximum quantity
of heat absorbed by ablation of 100-g quantities of various rubbers

show that saturated rubbers can provide more thermal protection than
diene rubbers. The heat sink effect of the carbon is significant.

The carbon absorbs about 60% as much heat as the hydrogen. The formation
of acetylene gas to subsequent reaction of hydrogen with carbon in the
char layer absorbs significant quantities of heat only at temperatures
above 5000°F, The dissociation of hydrogen absorbs only a small amount
of heat. The heat absorbed by thermal decomposition of the rubber is
relatively unimportant, and, in fact, the styrene-butadiene and
acrylonitrile-butadiene rubbers liberate heat when they are decomposed
to the elements.

The efficiency of heat absorption by a butyl rubber is raised from
81% to 92% at an equilibrium temperature of 5000°F when 1t is filled
with a nickel catalyst.

SUMMARY OF EXPERIMENTAL AND COMPUTED RESULTS OF
UNCURED RUBBER DECOMPOSITION*

Butyl EPR NBR SBR
Wt-% Char** 45.0 25.1 20.5 7.9
% of Maximum Value 52.6 29.3 25.4 8.7
Wt-% Hydrogen** 8.3 4.9 2.2 2.3
% of Maximum Value 57 .8 34,1 25.7 24,1
Calculated Heat Absorption of 549 519 367 379
100 g Rubber, to 7000°F, kcal
% of Maximum Value 86 77 92 83

*  Filled with 50 phr nickel catalyst (A)
** Welght per cent based on rubber
Butyl = Saturated butyl rubber; EPR = saturated ethylene-propylene rubber;

NBR high nitrile content acrylonitrile-butadiene rubber;
SBR styrene-butadiene rubber

b



ITI. DISCUSSION

A. THE EFFECT OF CATALYTIC FILLERS ON THE THERMAL DECOMPOSITION OF
KRS

Prior research on this program has shown that the ma jor products of
thermal decomposition of an ethylene-propylene rubber, butyl rubbers,
and a styrene-butadiene rubber are hydrocarbons with a wide range of
bolling points. The cured elastomers as well as the uncured materials
have 1little tendency to form a carbonaceous residue. The quantity of
the residue 1ls substantially increased when the rubbers are filled
with dehydrogenation catalysts before they are subjected to thermal
decomposition. The best catalytic fillers appear to be nickel,
platinum, and palladium metals deposited on the proper support.

1. Thermal Decomposition Using a Heating Rate 30°F/Minute

Preliminary screening tests using uncured styrene-butadiene and
ethylene-propylene rubbers have shown that the quantity of carbonaceous
residue produced by thermal decomposition 1s significantly increased
when catalytic metals are used as fillers. These metals are usually
supported on a ceramic carrlier. The data shown in Table 1 were ob-
tained using rubbers with 50 phr of such fillers.

Table 1

THE EFFECT OF SUPPORTED METAL CATALYSTS ON RESIDUE FORMATION
FROM UNCURED STYRENE-BUTADIENE AND ETHYLENE-PROPYLENE RUBBERS

Supported Metal Styrene-Butadiene Ethylene-Propylene

Platinum 22 9
Palladium 22 4
Nickel (A) 19 4,1
Rhodium 8 1.1
Vanadium 6 -
Iron 5 -
Cobalt 1.5 -
None 0.6 0.4



The catalyst code is shown 1n the glossary of catalyst nomenclature
on the next page.

The data 1n Table 1 show that platinum, palladium, and nickel are
the most active metals. Even greater quantities of carbonaceous
reslidues were formed when these catalysts were used 1n cured rubber.
This is shown in Table 2. The styrene-butadiene rubber was cured as
described in the experimental sectlon and it was filled with 50 phr
catalyst.

Table 2

THE EFFECT OF SUPPORTED METAL CATALYSTS ON RESIDUE FORMATION
FROM A CURED STYRENE-BUTADIENE RUBBER

Wt-% Residue,

Supported Metal Based on Rubber
Nickel (A) 26
Palladium 26
Platinum 25
None 1.6

The results of other screening tests listed in Appendix 2 show that
metal oxlde dehydrogenation catalysts employlng ferrlc oxide and nickel
oxide, respectively, are relatively lneffective,

These data support the postulate that metal oxide dehydrogenation
catalysts are active only after they have been reduced to the metal
by hydrogen produced by the cracking reaction. Surprisingly, freshly
prepared sllica-alumina and silica-alumina-magnesia cracking catalysts
produced very little char in splte of thelr known high coking
activity (ref. 1)

Heated at 30°F/minute, the acrylonitrile-butadiene rubbers produced
the greatest quantity of char of any of the rubbers studied to date
when they were filled with 50 phr of nickel catalyst (A). As will be
seen later, this was not true at greater heating rate. In general,
dlene rubbers such as acrylonitrile-butadiene and styrene-butadiene
produced a significantly greater quantity of char than the saturated
rubbers such as ethylene-propylene and butyl rubbers. The data shown
in Table 3 were obtained using a heating rate of 30°F/minute. The
rubber was filled with 50 phr catalyst and it was cured as described
in the experimental section.
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Designation
1Nickel (A)

(B
Nickel (C
Nickel (D
Nickel (E
Nickel (F
Nickel (G
Nickel (H

1Platinum
lpalladium

1Rhodium
Vanadium

Iron

1Cobalt

1Nickel Oxilde

1Iron Oxide

1Silica-Alumina
1Silica-Alumina-

Magnesia

GLOSSARY OF CATALYST NOMENCLATURE

Composition

67
5
10

10
5
10
5
15
5

wt-% metal
wt-% metal
wt-% metal

wt-% metal
wt-% metal
wt-% metal
wt-% metal
wt-% metal

wt-% metal

5 wt-% metal
5 wt-% metal

10
20

wt-% metal

wt-% metal

Girdler T-3%23
Girdler T-316

Girdler G-48a

on

on

on

on

on

on

on

on

on

on

on

on

on

kieselguhr (Girdler G-49A)
asbestos

silica-alumina cracking catalyst
alumina
silica
silica
silica-alumina cracking catalyst

asbestos

charcoal

charcoal

alumina
sllica-alumina cracking catalyst

kieselguhr

Amerilcan Cyanamid Co. Aerocat 75/85

American Cyanamid Co. Aerocat 3C-12-75/85

These catalysts were obtained from commercial sources.

The others

listed above were prepared as described in the experimental section.
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Table 3

THE EFFECT OF NICKEL CATALYST (A) ON CHAR FORMATION OF A
HIGH NITRILE CONTENT ACRYLONITRILE-BUTADIENE RUBBER

Wt-% Residue,
Material Based on Rubber

Cured Rubber

Filled* 69
Unfilled ok .y

Uncured Rubber

Filled* 37
Unfilled 15.2

*50 phr Nickel Catalyst A

The carbonaceous residue resulting from thermal decomposition of
saturated and unsaturated butyl, ethylene-propylene, and natural
rubbers filled with other catalysts is shown in Appendix 3.

The 1increase in carbonaceous residue formed by uncured rubbers with
50 phr catalytic fillers was accompanled by an increase in the molar
fractlion of hydrogen in the gases not condensable at room temperature
as shown in Table 4.

Table 4

THE EFFECT OF CATALYTIC FILLERS ON HYDROGEN FORMATION
Mole-% Hydrogen in Non-Condensable Gases

Nickel (A)
Rubber Unfilled Silica Fllled Catalyst Filled
Styrene-Butadiene 27 45 76
Acrylonitrile-Butadiene 9 4o 90

2. Thermal Decomposition Using a Heating Rate 2000°F/Minute

Previous research during this program has shown that in general the
cured and uncured rubbers studied to date, either unfilled or filled
with inert fillers, produced less char when they were decomposed using

8.



a heating rate of 2000°F/minute than at a heating rate of 30°F/minute.
This has been attributed to more vigorous chain scisslon occurring at
these high heating rates and high ultimate temperatures necessary

to achleve these high rates. Presumably, the initlal decomposition
products travel out of the hot zone before they can decompose to a
carbonaceous residue.

However, contrary to all previous experience, saturated rubbers such

as the ethylene-propylene and butyl rubbers filled with 50 phr catalytic
fillers produced more carbonaceous resldue when they were decomposed
using a heating rate of 2000°F/minute than at a heating rate of 30°F/
minute. The quantities of char and hydrogen gas formed by a
representative saturated and unsaturated rubber at a heating rate of
2000°F/minute are shown in Table 5.

Table 5
QUANTITY OF CHAR AND HYDROGEN GAS PRODUCED AT A
HEATING RATE OF 2000°F/MINUTE

Saturated-Ethylene-Propylene

Filler or Rubber Styrene-Butadiene Rubber
Catalyst* WE-Z Char*~ Wt-% Hydrogen** Wt—% Char** Wt-% Rydrogen*¥

Nickel (A) 25.1 4.9 7.9 2.3
Platinum 7.2 2.2 13.4 2.3
Palladium 5.5 1.6 13.1 1.8
Rhodium 5.1 1.8 3.4 1.1
Silica 0.8 1.4 <1l 0.7
Carbon <1 1.0 <1 0.8
None 0.3 0.4 0.3 0.3
* 50 phr

**Based on weight of polymer

The sllica was Monsanto Chemical Company SantocelR and the carbon was
Cabot Sterling R.

The data in Table 5 show that the best catalysts produced the most
hydrogen as well as the most char.
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The effect of heating rate on the quantity of char produced by the
catalyst-filled rubbers 1s shown in Table 6, which combines data from
Tables 1 and 5.

Table 6

QUANTITY OF CHAR FORMED AT DIFFERENT HEATING RATES

Welght % Char at Heating Rate Shown
aturated Ethylene yrene-Butadiene
Propylene Rubber Rubber
Supported Metal 35°F7m§n. 2000 F/min. 20°F/min, 2000 F/min.

Nickel (A) 4,1 25.1 19 7.9
Platinum 9 7.2 22 13.4
Palladium L 5.5 22 13.1
Rhodilum 1.1 5.1 8 3.4

As would be expected, the proportions of hydrocarbon gases such as
ethylene, propane, and propylene contained in the gases not condensable
at room temperature are much lower for the elastomers filled with cat-
alytic fillers than with the uncatalyzed materials. Analyses of
products are included in Appendix 2.

Highly saturated rubbers filled with 50 phr of nickel catalyst (A) pro-
duced more carbonaceous residue than the rubbers with a greater degree
of unsaturation. The data shown in Table 7 compare the quantity of

char produced by uncured rubbers filled with 50 phr of nickel catalyst (A
at heating rates of 30°F/minute and 2000°F/minute, respectively.

Table 7

COMPARISON OF CHAR FORMATION BY UNCURED RUBBERS
FILLED WITH NICKEL CATALYST A

Heating -Rate-of Heating Rate of
2000°F/minute 30°F/minute

Rubber Wt-% Char* Wt-% Char*
Saturated Butyl k5.0 7.0
Unsaturated Butyl 39.8 <1
Saturated Ethylene-Propylene 25.1 4.1
Acrylonitrile-Butadiene 20.5 37
Unsaturated Ethylene-Propylene 16.0 6.3
Styrene-Butadlene 7.9 19

*Based on welght of polymer

10.



The data in Table 7 show that the butyl rubbers produce the greatest
quantity of char of any rubber studled to date when they are de-
composed at the high heating rate. This is contrary to refinery
experience where unsaturated materials are more susceptible to coking
than are saturated paraffins.

The content of nickel catalyst (A) can be lowered to about 20 phr
in the uncured saturated butyl rubber and to about 10 phr in the
uncured saturated ethylene-propylene rubber wlthout significantly
decreasing the quantities of char and hydrogen gas produced at the
higher heatlng rate.

The quantities of hydrogen gas and carbonaceous residue are shown in
Tables 8 and 9 and they are graphed in Figures 1 and 2. Complete
analyses are shown in the appendix.

Table 8

THE EFFECT OF CONTENT OF NICKEL CATALYST ON THERMAL
DECOMPOSITION OF A SATURATED BUTYL RUBBER

Composition
in Parts by Welght % Products, Based on Rubber
Rubber Catalyst olllca Carbonaceous Residue Hydrogen Gas
100 50 0 45.0 8.3
100 25 25 45.0 8.2
100 15 35 37.0 6.6
100 8 42 13.8 3.1
100 0 50 <1 0.9
100 0 0 0.5 0.6
Table 9
THE EFFECT OF CONTENT OF NICKEL CATALYST ON THERMAL
DECOMPOSITION OF A SATURATED ETHYLENE-PROPYLENE RUBBER
Composition
in Parts by Weight % Products, Based on Rubber
Rubber Catalyst Silica Carbonaceous Residue Hydrogen Gas

100 50 0 25.1 4.9
100 25 25 24,0 4.2
100 8 4o 20.4 3.9
100 4 46 8.2 2.4
100 0 50 0.8 1.5
100 0 0 0.3 0.4

With both polymers, the production of hydrocarbon gases increased as
content of catalyst and production of hydrogen decreased. Analyses
appear 1ln Appendix 2.

11,
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The effect of catalyst content on the decomposition products of an
unsaturated butyl rubber showed that the yield of carbonaceous

residue and hydrogen gas was not markedly decreased untlil the catalyst
content was reduced to less than 15 phr. The carbonaceous residue and
hydrogen gas yleld are shown in Table 10. Complete decomposition
product analyses are shown in the appendix.

Table 10

THE EFFECT OF NICKEL CATALYST CONTENT ON THERMAL DECOMPOSITION
OF AN UNSATURATED BUTYL RUBBER

Composition, Parts by Weight Wt % Products, Based on Rubber
Rubber Catalyst Silica Carbonaceous Resildue Hydrogen Gas
100 50 0 39.8 8.1
100 25 25 33.1 6.7
100 15 35 32.5 5.8
100 0 0 0.2 0.5

Above 15 phr of catalyst, the gases conslisted almost exclusively of
hydrogen and methane. Thus, results are similar to those for the
saturated butyl rubber.

B. THE EFFECT OF CATALYST SUPPORT ON CATALYTIC ACTIVITY AND CHAR
STRENGTH

Fortunately, the effectiveness of varlous nickel catalysts does not
depend entlrely on the per cent of nickel present. In fact, the

most effective catalyst tested contained only 5% nickel compared with
as much as 57% nickel in other, less effective catalysts. A comparison
is shown in Table 11. The cause of the differences has not been
established but may be due, for example, to either the differences in
identity of supporting material or differences in area of exposed
nickel.

14,
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Table 11

EFFECTIVENESS OF NICKEL CATALYSTS
WITH UNCURED STYRENE-BUTADIENE POLYMER

Heating Rate = 30°F/min.

Catalyst®
b % Carbonaceous
Support Wt-% N1 Char®
S10,-A1505 cracking 5 22
catalyst
Kieselguhr 67 19
Silica 10 14
Asbestos 15 3

8 50 parts catalyst per 100 parts (by wt) polymer
D % Ni of combined Ni and support

¢ Based on wt of original polymer

The bulk density of the silica decreases during catalyst impregnation
and calcining. This could be due to a collapse of structure, which
could bury the active nickel. In fact, catalytic activity of nickel
deposited on the silica is improved when the silica 1s wetted and
calcined before the nickel is deposited. The catalytic activity of
varlous nickel-on-silica catalysts in promoting formation of a carbon-
aceous resldue from a styrene-butadiene rubber decomposed using a
heating rate of 30°F/minute is shown in Table 12. Detalls of the
catalyst preparation are described in the experimental section.

Table 12
THE EFFECT OF CATALYST PREPARATION ON CATALYTIC ACTIVITY

Catalyst Wt % Residue, Based on Rubber
5 Wt-% nickel on silica

No pretreatment 5

Prewetting and calcining at 1000°F 9
10 Wt-% nickel on silica

No pretreatment 9

Prewetting and calcining at 1000°F 14

15,
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The sillca-alumina cracking catalysts are more compact than the silica
and they have less tendency to collapse when they are calcined at
1000°F. In addition, they are synthesized with a high degree of

pore openings accessible by large organic molecules. In effect, the
cracking catalyst has more usable surface area than the low bulk
density silica gel.

Qualitative observation show that rubbers filled with silica or with
nickel deposited on kleselguhr produce stronger chars than rubbers
containing other fillers. The chars produced by rubbers filled wlth
silica or with nickel deposited on kleselguhr retain thelr shape during
thermal decompositlon, and they have the best crushlng strength of the
chars examined to date. Charcoal and asbestos-containing chars retain
thelr shapes but they are more easily crushed. Chars containing alumina
and sllica-alumina cracking catalyst both with and without deposited
metal have very poor crushing strength and they seldom retain theilr
original shape.

Initial experiments show that good char strength and a high yleld of
carbonaceous residue can be achleved simultaneously by blending filllers.
The data in Table 13 were obtained by decomposing an uncured styrene-
butadiene rubber containing 50 phr filler using a heating rate of 30°F/
minute. The char strength listed in the table is a qualltative observa-
tion of the relative ease with which the chars were crushed using a
spatula.

Table 13
THE EFFECT OF VARIOUS CATALYSTS ON RELATIVE CHAR STRENGTHS
Wt-% Residue,

Fliller Based on Rubber Char Strength
50 phr 5 wt % nickel on silica 9 Superior
50 phr 5 wt % nickel on
silica-alumina cracking catalyst 22 Poor
25 phr silica + 25 phr 21 Good

10 wt % nickel on silica-
alumina cracking catalyst

The competing requlirements of a refractory filler used in an insulating
material are (1) to produce a char layer with good strength and
abrasion resistance and (2) to cause maximum formation of carbonaceous
residue and hydrogen gas from the rubber during ablation. It has not
been shown that any one filler will result in maximum performance in
both ways. Different flllers will probably have to be combined during
subsequent formulation and testing of rocket liner formulations to
trade off one requirement to satisfactorily fulfill the other.

16,
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C. THE EFFECT OF CARBON TO CARBON CROSSLINKAGES ON THERMAL DECOMPOSITION

Increased carbon-to-carbon crosslinkages do not significantly increase
the quantity of carbonaceous residue formed by thermal decomposition of
an ethylene-propylene rubber using a heating rate of 30°F/minute.
However, they do raise the temperature of volatilization of the hydro-
carbon decomposition products. The temperatures at which 50% and 100%
weight loss occurs with a saturated ethylene-propylene rubber cured with
divinyl benzene, or when 1t 1s treated wlth high temperature radical
forming materials i1s shown in Table 14. The data are also illustrated
in Figure 3.

Table 14

THE EFFECT OF CARBON-TO-CARBON CROSSLINKAGES ON A SATURATED
ETHYLENE-PROPYLENE RUBBER

Temperature, °F, for

50% 100% Wt-% Residue,
Material, Additlve Welght Loss Welght Loss Based on Rubber
Uncured, unfilled 827 870 <1
Uncured, 5 phr hydrazobenzene 862 935 <1
Uncured, 5 phr azobenzene 865 955 <1
Cured with 2.6 phr Dicumyl- 835 925 <1
peroxide + 2.5 phr
divinylbenzene
Cured with 5.0 phr Dicumyl- 845 930 <1
peroxide + 5.0 phr
divinylbenzene
Cured with 8.0 phr Dicumyl- 858 3530 2.4
peroxide + 8.0 phr
divinylbenzene
Cured with 8.0 phr Dicumyl- - - 7.0
peroxide, 8.0 phr divinyl-
benzene, 50 phr nickel catalyst A
Uncured, 4 phr 2,6-ditertiary- 865 930 <1
butylbenzoquinone
Uncured, 4 phr 4,4'-thiobis- 875 940 <1
(6-tert-butyl-m-cresol)
Uncured, 4 phr 4,4'-butylidene- 870 945 <1

bis(6-tert-butyl-m-cresol)
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The rubbers were cured usin§ a 30-minute press cure at 320°F followed
by a 2-hour postcure at 320°F and atmospheric pressure.

The data in Table 14 show that increased carbon-to-carbon crosslinkages
raise the apparent decomposition temperature of the rubber as determined
by thermogravimetric analysis. Hydrazobenzene and azobenzene are known
to decompose to form free radicals at high temperatures, and apparently
these radicals cause the rubber to form carbon-to-carbon crosslinkages
below the normal decomposition temperature of the rubber. On the other
hand, the 4,4'-thiobis(6-tert-butyl-m-cresol) and 4,4'-butylidenebis-
6-tert-butyl-m-cresol) are free radlcal traps, and they too appear
to ralse the apparent decomposition temperature. This seeming anomaly
may be caused by the compounds' acting as free radlcal traps and
decreasing the rate of chain scission of the polymer induced by radicals
formed during normal thermal decomposition of the rubber. Elther one
of these two types of additives may be useful in final compositions
but undoubtedly they cannot be employed simultaneously.

The data in Table 15 show that the saturated ethylene-propylene rubber
filled with 50 phr nickel catalyst (A) and cured with 8.0 phr of
divinylbenzene and dicumylperoxide yields a greater quantity of
carbonaceous residue than a simllar sample of filled but uncured rubber.
The data were obtained using a heating rate of 30°F/minute.

Table 15
THE EFFECT OF CURING ON THE QUANTITY OF CHAR

Ethylene-Propylene Rubber* Wt-% Residue, Based on Rubber
Cured 7.0
Uncured 41

*Filled with 50 phr nickel catalyst A

These results show that the catalytic fillers are more effective 1n
producing carbonaceous residue at higher temperatures than at lower
temperatures since the data in Table 14 show that introducing carbon-to-
carbon crosslinkages 1into the polymer raises the apparent decomposition
temperature. This effect might be more pronounced when the rubber is
decomposed using a heating rate of 2000°F/minute.

D, THERMAL DECOMPOSITION OF COMMERCIAL ELASTOMERIC INSULATION MATERIALS

Thermal decomposition of two uncured commercilal elastomerilc insulating
materials (Stoner Rubber Company SMR 6-10 and SMR 7-12) using a heating
rate of 2000°F/minute showed that the rubber in these compnsitions formed
a relatively small amount of carbonaceous residue under these condi-
tions. Since the formulatlions were not known, the quantity of carbon in
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the char was estimated by the weight loss that occurred when the
residues were fired in air. It is known that SMR 6-10 contained a
phenolic resin, so the data shown in Table 16 include that for
pyrolysis of a highly cured phenolic resin. Complete analysis of the
gases are shown in Appendix 2.

Table 16

THERMAL DECOMPOSITION OF COMMERCIAL ELASTOMERIC
INSULATION MATERIALS

Wt % Wt-% Products,
Non-Volatlle Based on Volatile Material
Materilal Filler Gas Liquid Carbonaceous Resildue
SMR 6-10 8.5 14.3 65.9 19.8
SMR T7-12 53.1 20.9 75.1 4.0
Phenolic Resin - 7.2 ko.6 $52.2

The phenolic resin was Plaskon V-204, cured at 400°F for 24 hours. The
char yield of the phenolic resin shown in Table 16 is a minimum wa lue
since a small amount of char was lost by mechanical erosion of the
powdery residue by the gases produced at the high heating rate.

E. CAICULATED HEAT ABSORPTION BY ABLATING ELASTOMERIC INSULATING
MATERIALS

The purpose of these calculations is (1) to show the significant mech-
anisms by which the rubber in an ablating elastomeric insulating mater-
ial absorbs heat, (2) to show the maximum quantity of heat the rubbers
might absorb, (35 to show the approximate efficiency of each rubber

at present, and (4) to show the approximate efficiency when the rubbers
are used with catalytic fillers. To be meaningful, these calculations
must consider all the possible mechanisms of heat absorption by the
rubber and its decomposition products. In addition, the same mechanisms
must be considered for each rubber in order to achieve self-consistent
values. However, we have neglected 1n all cases the heat absorbed

by possible endothermic reactions of the carbon in the char layer with
a refractory such as silica and the heat absorbed by vaporization of
carbon. These mechanisms may absorb a significant amount of heat

but they are affected more by the nature of the refractory filler and
the conditions in the combustion chamber than by the nature of the
rubber employed in the rocket liner. The calculations presented here
are sufficiently complete and accurate to show the significant
mechanisms of heat absorption and to compare the prospective utility

of various rubbers that could be used subsequently to formulate im-
proved insulating materlals. Complete calculations and the assumptions
and estimations used are contalned in Appendix 1.
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Maximum combustion chamber temperatures of 5000, 6000, and 7000°F
were chosen even though most current solid propellants have combustion
temperatures around 5000°F. Projected propellant compositions may
have combustion temperatures as high as 7O0OO°F.

The maxlimum quantity of heat that could be absorbed by complete thermal
decomposition of 100 grams of each of four representative rubbers is
shown in Table 17. The values are those if the rubbers decompose
completely to carbon and hydrogen, the products achieve thermal equil-
1brium at the relevant temperatures, and equilibrium concentrations of
acetylene and atomic hydrogen are formed by subsequent reaction of
hydrogen with the carbon in the char layer and dissociation of the
gaseous hydrogen.

Table 17

MAXIMUM HEAT ABSORBED BY DECOMPOSITION OF 100 GRAMS
OF UNCURED RUBBERS

Heat Absorbed, kcal

Rubber 5000°F 6000"'F 7O00"F
Saturated Ethylene-Propylene 267 508 677
Saturated Butyl 331 473 641
Styrene-Butadiene 229 334 459
Acrylonitrile-Butadiene (high 196 291 401

nitrile content)

These values show clearly the potential superiority of saturated rubbers
The temperature of 932°F for composition of the rubber was chosen

since nearly all the rubbers examined to date are decomposed at this
temperature.

The calculated quantity of heat absorbed by heating the rubbers to
932°F with subsequent decomposition at this temperature 1is shown in
Table 18. A plus sign (+) indicates that heat 1s absorbed and a
minus sign (-) indicates that heat is liberated.
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Table 18
MAXIMUM HEAT ABSORBED BY 100 GRAMS OF RUBBERS UP TO 932°F
Heat Absorbed, kcal

Ethylene- Styrene-  Acrylonltrile-
Process Propylene Butyl Butadiene Butadiene
Heating Rubber at 77- +26 +19 +16 +16
932°F
Rubber Decomposition at +70 +41 -5 -20
932°F L - _ o
Total +96 +60 +11 -4

The styrene-butadiene and acrylonitrile-butadiene rubbers have positive
heats of formation and liberate heat when they are decomposed to carbon,
hydrogen, and nitrogen.

The Aifference 1n heat absorption between the butyl and ethylene-propylen:
rubbers at all temperatures listed in Table 17 1is due solely to the
difference in specific heat and heat of decompositlion of the rubber. Bot!
materials have the same empirical formula, (CHz}n, and the products
absorb identical quantities of heat between 932°F and 7000°F.

Gaseous hydrogen can absorb the greatest gquantlity of heat when the de-
compositior products are heated from 932°F to 5000°F. The carbon absorbs
a lesser amount. Formation of acetylene and dissoclation of hyvdrogen
absorb only relatively minor quantities of heat.

When the products are heated to 6000 and 7000°F, the fraction of the
total quantity of heat absorbed by the hydrogen is lowered and the
fraction of the total quantity of heat which 1s absorbed by the forma-
tion of acetylene and dissociation of hydrogen increases, particularly
at the higher temperature. In all cases, however, hydrogen absorbs
the greatest quantity of heat. The results of the calculations for
ethylene-propylene and butyl rubbers are shown in Table 19.

Table 19

HEAT ABSORPTION BY VARIOUS MECHANISMS FROM 932°F
TO MAXIMUM TEMPERATURES

Heat Absorbed, kcal(% of Total Heat Absorbed

Process 932~ 952~ 952-7
Heating Hydrogen +130 (48) +166 (40 +203 (35
Heating Carbon + 92 34) +117 (28 +141 (24
Acetylene Formation + 29 (11) + 89 (22 +168 (29
Hydrogen Dissoclation + 20 (7) + 40 (10 + 69 (12
Total 271 (100) 412 (100) 581 (100)
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These results show clearly the advantage of using a binder with a high
hydrogen content and cracking the polymer completely to carbon and
hydrogen. Although the greatest quantity of heat 1s absorbed by the
gaseous hydrogen, the formation of acetylene becomes increaslingly im-
portant at the higher temperatures. In thls mechanism also, the greater
the quantity of hydrogen produced by thermal decomposition of the binder,
the greater will be the quantity of acetylene produced at equilibrium.

The styrene-butadiene rubber has a lower carbon-hydrogen ratio than either
the ethylene-propylene or butyl rubbers. Consequently, the products of
decompositlion of 100 g of the rubber absorb a lesser quantity of heat

when they are heated to 5000, 6000 and 7TOOO°F than the decomposition
products from 100 g of the saturated rubbers. The major portion of the
heat absorbed is due to the heating of carbon, but the formation of
acetylene becomes increasingly important at the higher temperatures. The
calculations are listed in Table 20.

Table 20

HEAT ABSORPTION BY VARIOUS MECHANISMS FROM 932°F TO
MAXIMUM TEMPERATURES (STYRENE-BUTADIENE RUBBER)

Heat Absorbed, kcal
% of Total Heat Absorption

Process 932-5 F 932~ Foo932-
Heating Carbon + 97 (44.5) + 123 (38)  +149 (33)
Heating Hydrogen + 88 (40.5) + 113 (35) +138 (31)
Hydrogen Dissociation + 13 (6) + 27 (8) + 47 (10.5)
Acetylene Formation + 20 (9) + 60 (19) +114 (25.5)
Total 218 (100) 323 (100)  +448 (100)

The lesser quantity of hydrogen accounts for the fact that the styrene-
butadiene rubber has a maximum calculated potential heat absorption of

only 67% as high as the ethylene-propylene rubber and about 72% as high
as the butyl rubber when they are heated to 7000°F.

The acrylonitrile-butadiene rubber had the lowest calculated potential
heat absorption of the rubbers considered in these calculations, largely
because of 1ts low hydrogen content. Similar to the styrene-butadiene
rubber, the greatest quantity of heat was absorbed by the carbon, and

at all temperatures 1t was greater than the heat absorbed by the hydrogen
gas. The formation of acetylene accounted for nearly 25% of the total
heat absorbed at 7000°F. The calculations are listed in Table 21.
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Table 21

HEAT ABSORPTION BY VARIOUS MECHANISMS FROM 932°F TO MAXIMUM
TEMPERATURE (ACRYLONITRILE-BUTADIENE RUBBER)

Heat Absorbed, kcal (% of Total)

Process 932 5000°F §32-6000°F 932-7000°F
Heating Carbon +85 (425) +108 (37) +130 (32)
Heating Hydrogen +77 (38.5) + 99 (33) +121 (30)
Acetylene Formation +17 (8.5) + 53 (18) +100 (25)
Hydrogen Dissociation 2 (6) + 24 (8) + 41 (10)
Heating Nitrogen + 9 (4.5) 11 (%) + 13 (3)
200 (100) 295 (100) 405 (100)

The calculated quantity of heat absorbed by actual thermal decomposition
of 100 g of the cured but unfilled rubbers again shows that the saturated
rubbers have a higher potential heat absorption than either the styrene-

butadlene or acrylonitrile-butadiene rubbers. The results of the
calculations are shown in Table 22. The number in parentheses beside
each calculated value represents the percentage of the possible
theoretical maximum value of heat absorption for each rubber shown in
Table 17. The number in parentheses, then, represents the approximate
efficlency of each rubber. The quantities of gas, liquid, and carbon-
aceous residue obtained by thermal decomposition of the rubbers using
a heating rate of 2000°F/minute were employed in the calculation. It
was assumed that the liquid products did not undergo further cracking
in the char layer. The assumptions are completely discussed in
Appendix 1.

Table 22
HEAT ABSORBED BY DECOMPOSITION OF 100 GRAMS OF CURED RUBBER

5000°F 6000°F T7000°F
Rubber (® Efficiency) (% Efficiency) (% Efficlency)
Saturated Ethylene- 307 (83) 376 (74) 446 (66)
Propylene
Saturated Butyl 268 (81) 338 (72) 411 (64)
Acrylonitrile-Butadiene 242 (123) 300 (103) 358 (89)
Styrene-Butadiene 237 (103) 295 (88) 355 (88)
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The high efficienclies shown by the acrylonitrile-butadiene and styrene-
butadiene rubber are due to the fact that the polymers decompose largely
into liquids with high positive heats of formation. The heat liberated
when the polymers decompose to carbon, hydrogen, and nitrogen lowers
the total maximum heat which can be absorbed, particularly at low
temperature. These date show that the saturated rubbers can absorb the
greatest quantity of heat even though their efficiencies are lower than
the diene rubbers. Although the calculations were made using cured

but unfilled rubbers, the heat absorbed by rubbers filled with inert
fillers are expected to be very simllar since the products of thermal
decomposition ot cured, unfilled and cured, inert filled rubbers are
quite similar.

The calculated heat absorption by thermal decomposition of rubbers filled
with 50 phr, 67 wt-% nickel-on-kieselguhr catalyst shows that increased
quantities of carbonaceous residue and hydrogen gas lmproves the
potential thermal protection. The data 1n Table 23 were calculated using
the results of thermal decomposition at a heating rate of 2000°F of
uncured rubbers filled with 50 phr nickel catalyst. The number in
parentheses beslide each calculated value represents the percentage of

the possible theoretical maximum value of heat absorption for each rubber
shown in Table 17.

Table 23

HEAT ABSORBED BY DECOMPOSITION OF 100 GRAMS OF RUBBER FILLED WITH
50 phr CATALYST

5000°F 6000°F 7000°F
Rubber (% Efficiency) (% Efficiency) (% Efficiency)
Saturated Ethylene- 326 (89) 118 (82) | 519 (77)
Propylene
Saturated Butyl 303 (92) 418 (88) 549 (86)
Acrylonitrile-Butadiene 229 (117) 297 (102) 367 (92)
Styrene-Butadlene 246 (107) 315 (9%) 379 (83)

The ethylene-propylene, saturated butyl, and styrene-butadiene rubbers
filled with nickel catalyst can absorb a greater quantity of heat at

all three temperatures than the unfilled sample. The filled butadiene-
acrylonitrile rubber can absorb more heat at 7OOO°F than the unfilled
material. This is due to the greater quantity of hydrogen gas produced
by the samples filled with nickel catalyst. The butyl rubber filled
with nickel catalyst produces a much greater quantity of hydrogen than
the filled ethylene-propylene rubber, and it can absorb a greater
quantity of heat at T7O00°F. The potential efficiency of the butyl rubber
has been significantly 1mproved.
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In summary, these calculations show that transpirational heating of
hydrogen gas 1s the most significant mechanlism by which an ablating
elastomeric insulating materlial can absorb heat. Additionally, the
formation of acetylene by the reaction of the hydrogen with carbon
in the char layer can absorb a consliderable quantity of heat,
particularly at 6000°F and higher. The heat absorbed by heating the
carbon in the char layer 1s also slgnificant, particularly for
styrene-butadiene and acrylonitrile-butadlene rubbers, which have a
lower hydrogen content than the butyl and ethylene-propylene rubbers.
The possible heat absorption by thermal decomposition of the rubbers
1s relatively insignificant, and for the acrylonitrile-butadiene

and styrene-butadiene rubbers, heat 1s liberated by complete thermal
decomposition to carbon, hydrogen, and nitrogen. Dissocilation of
hydrogen gas absorbs a relatively small fraction of the total quantity
of heat, even at 7OOO°F.

The calculations show clearly that ethylene-propylene and butyl rubbers

can provlde more thermal protection than diene rubbers and that their
efficlency can be improved by the use of catalytically active fillers.
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IV. EXPERIMENTAL DETAILS

The apparatus and procedure descrilbed in the first quarterly progress
report were used in analyzing products of decomposition of the
rubbers and for thermogravimetric analysis. The procedure and
apparatus used for controlled pyrolyses at a heating rate of 2000°F/
minute (radiofrequency induction heating of a graphite rod) were
described 1n the second quarterly report.

The styrene-butadlene and acrylonitrile-butadiene rubbers were cured
using the procedure described in the first quarterly report. The
ethylene-propylene rubbers and butyl rubbers were cured using the
following recipe:

100 parts rubber
50 parts filler
1 part calclum stearate
2.75 parts dicumyl peroxide
0.33 parts sulfur
1.0 part divinylbenzene

The materials were added to the gumstock on a cold, tight mill, and
the mixture was press-cured for 30 minutes at 300°F and postcured
4 hours at 150°F.

The supported metal catalysts were all prepared by the same general
procedure. The preparation of nickel metal deposited on silica-alumin:
cracking catalyst is illustrative.

A slurry of silica-alumina cracking catalyst in a water solution of
nickel nitrate was evaporated to dryness on a hot plate with stirring.
The quantity of nickel nitrate employed was sufficient to provide the
deslired weight per cent reduced metal on the support. The resulting
green powder was driled for two hours in a circulating air oven
controlled at 250°F. The material was then poured into a Pyrex tube
held horizontally in a tube furnace and it was fired at 750°F in a
current of air for 30 minutes. The tube was purged with dry nitrogen
and the material was reduced by hydrogen at 750-840°F until no more
water vapor condensed in the cool end of the tube. The catalyst was
then allowed to cool to room temperature under a nitrogen atmosphere
and was stored in a sealed bottle protected from air.

The precalcined and presintered metal deposited on silica catalysts
were prepared by a similar procedure. The sillica was wetted, dried,
and fired in alr before it was slurried with the nickel niltrate
solution.

Metal nltrates were generally used for the preparation of the catalyst

with the exception that ammonlum metavanadate was used to prepare the
supported vanadium catalyst.
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V. CONCLUSIONS

The results of the research to date show that the quantity of carbon-
aceous residue formed by thermal decomposition of the rubber can be
increased by using a supported nickel catalyst for at least part of
the refractory normally used in an elastomeric insulating material.
Nickel metal catalysts are more effective 1n saturated rubbers than
in diene rubbers. The initial decomposition products from a butyl
rubber appear to be more susceptlble to catalytic cracking than those
from an ethylene-propylene rubber since a saturated butyl rubber gave
nearly twlce as much char as the former material when they were de-
composed using a heating rate of 2000°F/minute. Introducing saturation
into the saturated rubber appears to decrease the quantity of char
produced by the rubber.

In all cases, the increased ylelds of carbonaceous residue were ac-
companied by an increase in the total quantity of hydrogen gas.

Qualitative observations show that the refractory support used for the
nickel metal catalyst greatly influences the activity of the catalyst
and appears to affect the strength of the resulting char layer. A high
yield of carbonaceous residue does not guarantee high char strength.
Initial experiments indicate, however, that blending refractory fillers
will result in an insulating material which will have a high strength
char as well as a high yield of char.

Increasing the amount of carbon-to-carbon cresslinkages in an ethylene-
propylene rubber does not increase the quantity of char but it does
raise the apparent decomposition temperature. Materials that decompose
to form free radicals at high temperatures apparently increase the
amount of carbon-to-carbon crosslinkages and ralse the apparent de-
composition temperature also. Compounds that act as free radical traps
apparently decrease the amount of chain scission and railse the observed
decomposition temperature. This effect may prove to be significant

in increasing the quantity of char in rubbers using catalytically active
fillers.

Thermal decomposition of two uncured commercial elastomeric insulating
materials has shown that the rubbers employed yleld only a small amount
of char. The insulating material that ylelds the greatest quantity

of char was filled with an unknown amount of phenolic resin. Thermal
decomposition of a cured phenolic resin using a heating rate of
2000°F/minute yielded about 53% carbonaceous residue. By comparison,
the saturated butyl rubber filled with nickel catalyst ylelded 45%
carbonaceous residue, based on rubber.

Calculations have shown that transpirational heating of hydrogen gas

is the most important mechanism by which a thermally deccmposing rubber
can absorb heat in an ablating elastomeric insulating material. The
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heat sink effect of the carbon 18 the next most important mechanism

at relatively low (5000°F) temperatures. The formation of equilibrium
amounts of acetylene 1is an lncreasingly significant mechanism of heat
absorption at 6000 and 7TOOO°F. The dissociation of hydrogen gas is

a relatively unimportant mechanlism at high temperatures.

The calculatioms show that saturated rubbers can absorb considerably
more heat than diene rubbers. Addltionally, the efficlency of a sat-
urated butyl rubber, for example, can be raised from 81% to 92% at an
equilibrium temperature of 5000°F by using a nickel catalyst filler.

VI. FUTURE WORK

The screening tests employlng uncured rubbers decomposed using a heating
rate of 30°F/minute have been largely completed. Thermal decomposition
of prospective materials in the future will be studlied using cured rubbers
and a heating rate of 2000°F/minute.

During the comlng quarter we will prepare, characterize, and test a very
limlted number of improved elastomeric insulating materials to confirm
the results of our laboratory tests. We will concentrate largely on
materlals using ethylene-propylene and butyl rubbers since the calcula-
tions have shown them to be more advantageous than diene rubbers.

Specifically, we will examine qualitatively the strength of chars result-
ing from thermal decomposition of butyl rubbers filled with a minimum

of 20 phr Girdler G-49A 67 wt-% nickel-on-kieselguhr catalyst and in-
creasing amounts of silica or asbestos fiber to find the filler content
providing optimum char strength consistent wlth acceptable mechanical
properties and maximum thermal protectlion from the rubber. We will use
an ethylene-propylene rubber in a similar manner. We will then examine
the effect of a dicumyl peroxide/divinyl benzene cure on the mechanical
properties and on the quantity of char produced by thermal decomposition.
We will measure the tensile strength and tensile elongation at low
temperature as well as at room temperature and the highest anticipated
service temperature for the most promising compositions. We will also
determine the specific heat, thermal conductivity, and specific gravity
of these compositions.

We wlll compare the performance of our materials with currently used
commercial elastomeric insulation in an electric arc plasma torch.
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APPENDIX 1
CALCULATED HEAT ABSORPTION BY RUBBER DECOMPOSITION

The assumptlons and estlimations used in calculating the heat absorbed
during ablation of 100-gram quantities of various rubbers are des-
cribed below.

1. The rubbers were assumed not to decompose at all during heating
irom 77°F to 930°F. At 930°F the rubbers were assumed to decompose
sharply.

2. The heat capacity of the rubbers was assumed to remain constant over
the temperature range of 77°F to 930°F.

3. All carbon formed by the rubbers was assumed to be graphite.

Hydrocarbon fragments formed by the rubber decomposition were as-
sumed not to crack further in the hot char layer.

5. Molecular hydrogen was assumed to dissoclate to atomic hydrogen in
equillibrium quantitlies at the temperatures considered in the cal-
culations and at a pressure of 68 atmospheres. This pressure was
assumed to be due solely to atomic and molecular hydrogen. The
hydrogen species was assumed to behave ldeally so that the heat of
dissociation was independent of pressure.

6. Molecular hydrogen was assumed to react with solid carbon to form
equilibrium quantitlies of acetylene, which behaved ideally so that
the heat of formation of acetylene was lndependent of pressure.

7. The liquid products of decomposition of the rubbers were assumed to
consist of a simple constituent whose composition corresponded to
the average composition of the liquid.

8. The heat capacity of hydrocarbons above 2200°F, if not listed in
the literature, was estimated by the following technique. The
ratio of the heat capacity of ethane at a specific temperature up
to 7000°F to the heat capacity at 1340°F was computed and the heat
capacity of the hydrocarbon at 1340°F was multiplied by this ratio
to give the heat capaclity at thls glven temperature. The valldity
of this method was tested by calculating the heat capacities of
methane and ethylene, and the values were found to agree with the
published values within about + 5%.
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The heat capaclty of the hypothetical compound comprising the
liquid product from styrene-butadlene rubber, which corresponded

to n-dodecylbenzene wlth four double bonds, was estimated by
analogy to the heat capaclty differences between n-pentane,
l-pentene, and 1l,4-pentadiene. The heat capacity for the hypo-
thetical compound from the nitrile rubber decomposition was assumed
to be the same as that of the hypothetical styrene-butadiene liquid
compound.

The heats of formation of any organic molecules that were not listed
in the published tables were estimated by the bond energy method.
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SATURATED ETHYLENE-PROPYLENE RUBBER
HEAT ABSORBED BY COMPLETE DECOMPOSITION OF 100 GRAMS OF RUBBER

Empirical Formula = (CHz)

No. of Moles of Elements/100 g

§ o e

L] forecy § g

C Ho
7.15 7.15
Cumulative AH, Kecal
Temp., °F Process AW, Rcal G30°F 5666°F BO00 F OO0 F
77 - 930 Heating Rubber + 26
930 Rubber Decomposition + 70 + 96
930-5000 Heating Carbon + 92
Heating Hydrogen +130
Hydrogen Dissociation + 20
Acetylene Formatlon + 29
271 +367
930-6000 Hea ting Carbon +117
Heating Hydrogen +166
Hydrogen Dissociation + 40
Acetylene Formation + 89
412 +508
930-7000 Heating Carbon +141
Heating Hydrogen +203
Hydrogen Dissociation + 69
Acetylene Formation +168
581 +677
32.
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SATURATED LLHYLENE-PROPYLENE RUBBER
HEAT ABSORBED BY DECOMPOSITION OF 100 g OF CURED, UNFILLED RUBBER

Heat Absorbed (kecal)

Product No. of Moles/ AHf AHf Heating from ° °F to
Species 100 g kcal/mole kcal 5000°F 6000 F 7000°F

Liquid 0.385 -64.2 24,7 177 226 276
Ho 0.360 0 0] 6.6 8.4 10.2
CH, 0.541 -20.7 -11.2 26,1 33,6 41.1
CoHe 0.070 -24.4 - 1.7 5.6 7.2 8.8
CoHy 0.388 + 9.9 + 3.8 23.8 30.4 37.0
CaHa 0.020 -30.0 - 0.6 2.3 2.9 3.4
CaHe 0.028 + 0.9 0 2.7 3.4 4.1

244 1 311.9 380.6

Cumulative AH, kecal

Temp. °F Process AH, kcal 930°F 5000°F 5000 F 7000 F

77-930 Heating Rubber + 26
930 Decomposition + 36 +62
930-5000 Heatlng Products +244
Hydrogen Dissociation + 1
245 +307
930-6000 Heating Products +312
Hydrogen Dissoclation + 2
314 +376
930-7000 Heating Products +381
Hydrogen Dissociation + 3
384 +446
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SATURATED ETHYLENE-PROPYLENE RUBBER
HEAT ABSORBED BY DECOMPOSITION OF 100 g OF RUBBER WITH NICKEL CATALYST

Heat Absorbed, kcal, Heat-

Product No. of AHT, AHf, ing from 77°F to
Species moles/100 g kcal/mole kecal

Char (assumed 2.09 0 0 27 34 41
all carbon)
Liquiad 0.246 -64 .2 -15.8 113 145 177
Ho 2.48 0 0 45 58 70
CHg4 0.565 -20.7 -11.7 27 35 43
CzHe 0.101 -24 .4 - 2.5 8 10 13
Cz2Hy 0.345 + 9.0 + 3.4 21 27 _33
-26.6 241 309 377
AH, Cumulative AH, kcal
Temp. °F Process kcal 930°F 5665“?““‘6666”?‘"‘7666’?
77-930 Heating Rubber + 26
930 Rubber Decomposition + 43 69
930-5000 Heating Products +241
Hydrogen Dissoclation + 7
Acetylene Formation + 9
257 +326
930-6000 Heating Products +309

Hydrogen Dissoclation + 14
Acetylene Formation + 26

349 +418
930-7000 Heatling Products +377
Hydrogen Dissociation + 24
Acetylene Formation + 49

450 +519
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Temp. °F

SATURATED BUTYL RUBBER
HEAT ABSORBED BY COMPLETE DECOMPOSITION OF 100 GRAMS OF RUBBER

Empirical Formula = (CHz)

No. of Moles of Elements/100 g

C

7.15

Process

77-930
930
930-5000

930-6000

930-7000

Heatlng Rubber
Rubber Decomposition

Heating Carbon
Heating Hydrogen
Hydrogen Dissociation
Acetylene Formation

Heating Carbon
Heatling Hydrogen
Hydrogen Dissociation
Acetylene Formation

Heating Carbon
Heating Hydrogen
Hydrogen Dissociation
Acetylene Formation

35.

Ho

7.15

AH, kcal

930°F 5000°F 6000°F T70C

+ 19
+ 41

+ 92
+130
+ 20

+29
271
+117

+166
+ 40

+ 89
412

+141
+203

+ 69
+168

581

+ 60

+331

+i472

+641
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SATURATED BUTYL RUBBER
HEAT ABSORBED BY DECOMPOSITION OF 100 g OF CURED, UNFILLED RUBBER

Heat Absorbed, kcal, heat-

Product No. of AHT AHT, ing from 77°F to
Species moles/100 g kcal/mole _kecal 5000 F 665%ZF 7000°F
Liquid 0.334 -64.2 -24.4 153 197 240
Ho 0.373 o) 0 T 9 11
CH4 0.700 -20.7 -14.5 34 43 53
CzHe 0.031 -24 .4 - 0.8 2 3 4
CzHa4 0.094 + 9.9 + 0.9 6 7 9
CasHs 0.017 -30.0 - 0.5 2 2 3
CaHe 0.1l10 + 0.9 + 0.1 10 13 16
-C4Hg 0.243 - 8.8 - 2.1 31 4o 42
-38.3 245 314 385
Cumulative AH, kecal
Temp. °F  Process AH, kecal '9'7?’?‘5‘0@'6"?‘6&6"?’7666"‘5’3
77-930 Heatling Rubber + 19
930 Rubber Decomposition + 3 + 22
930-5000 Heating Products +245
Hydrogen Dissociation + 1
246 +268
930-6000 Heatlng Products +314
Hydrogen Dissoclation + 2
316 +338
930-7000 Heating Products +385
Hydrogen Dissoclation + 4
389 +411

36.



. SATURATED BUTYL RUBBER
! HEAT ABSORBED BY DECOMPOSITION OF 100 g RUBBER WITH NICKEL CATALYST

Heat Absorbed, keal,

Product No. of AT, AHTF, Heating from 77°F to
~ Species Moles /100 g kecal/mole kcal 5000°F 000°F ~ 7000°F
H
‘ Char (assumed  3.75 0 0 48 61 T4
; carbon) :

. Liquid 0.192 -64 .2 -12.3 88 113 138
; Ho 4.18 0 0 76 97 119
N CHa 0.560 -20.7 -11.6 27 35 43
-23.9 239 306 374
AH, Cumulative AH, kcal
Temp. °F Process kcal 930°F bHOOO'F 5000°F 7000°F
77-930 Heating Rubber + 19
930 Rubber Decomposition + 17 + 36
930-5000 Heating Products +23G
Hydrogen Dlssociation + 11
Acetylene Formation + 17
267 +303
930-6000 Heating Products +306
Hydrogen Dissoelation + 24
Acetylene Formation + 52
. 382 +418
!
7 930-7000 Heating Products +374
Hydrogen Dissoclation + 40
Acetylene Formation + 99
513 +549
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STYRENE BUTADIENE RUEBER
HEAT ABSORBED BY COMPLETE DECOMPOSITION OF 100 GRAMS OF RUBBER

Empirical Formula (approx.) = (C4Hs)

No. of Moles of Elements/100 g

C Ho
7.53 4,84
AH, Cumulative AH, kcal
Temp. °F Process kcal 930°F F
77-930 Heating Rubber + 16
930 Rubber Decomposition - 5 +11
930-5000 Heating Carbon + 97
Heating Hydrogen + 88
Hydrogen Dissociation + 13
Acetylene Formation + 20
+218 +229
930-6000 Heating Carbon +123
Heating Hydrogen +113
Hydrogen Dissoclation + 27
Acetylene Formation + 60
+323 +334
930-7000 Heating Carbon +149
Heating Hydrogen +138
Hydrogen Dissociation + 47
Acetylene Formation +114
448

38.
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STYRENE-BUTADIENE RUBBER
HEAT ABSORBED BY DECOMPOSITION OF 100 GRAMS OF CURED, UNFILLED RUBBER

Heat Absorbed, kcal, Heat-

Product No. of AHS, AHT, ing from 77°F to
Species Moles/100 g kcal/mole kecal 5000°F  6000°F 7000°F
Liquid 0.528 +44 +23%.3 176 224 273
Hp 0.503 0 0 9 12 14
CH, 0.277 -20.7 - 5.7 13 17 21
CzHe 0.033 -24 .4 - 0.8 3 3 4
CaHa 0.092 +9.9 +0.9 6 7 -9
207 263 321
AH, Cumulative AH, kecal
Temp. °F Process kecal 930°F 5000 F G000 F TO000°F
77-930 Heating Rubber + 16
930 Rubber Decomposition + 13 +29
930-5000 Heating Products +207
Hydrogen Dissoclation + 1
208 +237
930-6000 Heating Products +263%
Hydrogen Dissoclation + 3
266 +295
930-7000 Heating Products +321
Hydrogen Dissociation + 5
326 +355
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STYRENE-BUTADIENE RUBBER
HEAT ABSORBED BY DECOMPOSITION OF 100 GRAMS OF RUBBER WITH NICKEL CATALY:

Heat Absorbed, kcal,

Product No. of AHT, Heating from 77°F to
Species Moles/100 g kcal/mole AHf, kcal 5000°F b6000°F 7OOO°F
Char (assumed 0.658 0 o] 9 11 13
carbon) :
Liquid 0.482 +44 +21. 160 204 249
Hz 1.16 0 0] 21 27 33
CH, 0.177 -20.7 - 3. 9 11 13
CzoHe 0.033 24 .4 - 0. 3 3 1
C2H, 0.119 + 9.9 + 1 7 9 11
Cumulative AH, kcal
Temp. °F Process AH, kcal O30"F 5HO00°F 5000 F 7000°]
T77-930 Heating Rubber + 16
930 Rubber Decomposition + 13 +29
930-5000 Heating Products +209
Hydrogen Dissociation + 3
Acetylene Formation + 5
+217 +246
930-6000 Heating Products +265
Hydrogen Dlssociation + 7
Acetylene Formation + 14
+286 +315
93%0-7 000 Heating Products +323
Hydrogen Dissoclation + 11
Acetylene Formation + 16
+350 +379
40.
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ACRYLONITRILE-BUTADIENE RUBBER, HIGH NITRILE CONTENT
HEAT ABSORBED BY COMPLETE DECOMPOSITION OF 100 GRAMS OF RUBBER

Temp. °F

Fmpirical Formula (approx.) =

No. of Moles of Elements/100 g

c He
4,25

6.57

Process

77-930
930
930-5000

930-6000

930-T7000

Heating Rubber
Rubber Decomposition

Heating Carbon
Heating Hydrogen
Heating Nitrogen
Hydrogen Dissoclation
Acetylene Formation

Heating Carbon
Heating Hydrogen
Heating Nitrogen
Hydrogen Dissociation
Acetylene Formation

Heating Carbon
Heatlng Hydrogen
Heatling Nitrogen
Hydrogen Dissoclation
Acetylene Formation

AH,

N

4.53

CsglH7sNe

Cumulative AH, kcal
kecal §3U°F SO00°F 5506°F 7000'

41,

+ 16
- 20

+ 85
+ 77
+ 9
+ 12
+ 17

200

+108
+ 99
+ 11
+ 24
+.:53

295

+130
+121
+ 13
+ 41
+100

405

-y

+196

+291

+401
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ACRYLONITRILE-BUTADIENE RUBBER, HIGH NITRILE CONTENT
HEAT ABSORBED BY DECOMPOSITION OF 100 g OF CURED, UNFILLED RUBBER

Heat Absorbed, kcal,

Product No. of AHT, AHT, Heating from Z:Z°F to
Species Moles/100 g kecal/mole kcal 5000°F O00°F  T7O00°F
Liquid 0.561 + 80 + 45 171 218 266
Ho 0.283 0 0 5 7 8
CH,4 0.23%9 - 20.7 - 4.9 12 15 18
CzHe 0.036 - 244 - 0.9 3 4 5
CzHa 0.166 + 9.9 + 1.6 10 13 16
CaHe 0.034 + 0.9 0 > A )
+ 40.8 204 261 318
Cumulative AH, kcal
Temp. °F  Process AH, kcal 930°F 5H5O000°F 5000 700¢
77-930 Heating Rubber + 16
930 Rubber Decomposlition + 21 +37
930-5000 Heating Products +204
Hydrogen Dissoclation + 1
205 +242
930-6000 Heating Products +261
Hydrogen Dissoclation + 2
+263 +300
930-7000 Heating Products +318
Hydrogen Dissociation + 3
321 +35
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ACRYLONITRILE-BUTADIENE RUBBER, HIGH NITRILE CONTENT
HEAT ABSORBED BY DECOMPOSITION OF 100 GRAMS OF RUBBER WITH NICKEL CATALYST

Heat Absorbed, kcal,

Product No. of AHT, Heating from 77°F to
Species Moles/100 g kcal/mole AHf, kcal BOOD'F 6655’; 7000 F
Char (assumed 1.71 0 0 22 28 34
carbon)
Liquid 0.448 + 80 + 35.8 137 175 213
Ho 1.07 0 0 19 25 30
CH4 0.175 - 20.7 - 3.6 8 11 13
CzHe 0.030 - 24 .4 - 0.7 2 3 i
CoHy 0.105 + 9.9 + 1.0 6 8 10
+ 32.5 194 250 304
Cumulative AH, kcal
Temp. °F Process AH, kcal J30°F HOOO'F 5000°T 7000 F
77-930 Heating Rubber + 16
930 Rubber Decomposition + 12 +28
930-5000 Heating Products +194
Hydrogen Dissociation + 3
Acetylene Formation + 4
+201 +229
930-6000 Heating Products +250
Hydrogen Dissocilation + 6
Acetylene Formation + 13
+269 4297 .
930-7000 Heating Products +304
Hydrogen Dissociation + 10
Acetylene Formation + 25
+339 +367
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APPENDIX 2

THERMAL DECOMPOSITION DATA FOR
FILLED RUBBERS USING 2000°F/MINUTE HEATING RATE

uy,



[o] MBI} 9B

(o]
€02 [¢]
0
s0vag
1t o]

0 eovas
6°L eowxy
LA L0
Gs°9 %0

€°c evmay

[¢] $0BJI] 90BI]

0  6°S1 1

0 @Vvl3  9VBVI]

#0823

2083

Si¥0 o871 TYH'D

Yol pesimi o V] e

bt e R Bt 30

9°6 9omI3

0°s ooway

T WD

» [y
ey

g ne

612

#7°01

S gt

6°12

S'%  9°Gt
ge Let
8T 2°9¢
6'z 12
8% S°l2
8T 9'9¢
9'¢  6°0¢
S'#  0°0¢
62  #°8l
in grog
S  LoOg
SHE T YHO

6°99

S Ll

9°9e
€89
6'9¢

6°9¢

ZH

0°9T 6°6G
S0z L0l
L'w  LOy
89 €l
0 6°98
"L 0°9%
o'¢ 218

[d{eRg-{o5 ¢

£q 301

anprssd yonuw

uogs0aId

£q 3801

snprssa yonuw
w2 6°.8
e €98

Jeud PINbY] _seD

6°9
L6

911

J9QQny UC peseq
8300pOId F-3M

2°¢e
891
L°91
2°8T
Lt
0°0e

'8
2°9T

6T
]
‘M
“IOH
*Bay

SUEEHNY CITIT4 SNOTUVA MO VIVA NOILISOJIWOOSd TYWNIHL

08 18418380 (V) TONOTNH
00T susrfdoad~euatiyse pejrsaniesun
05 38LTe380 (¥) TONOIN
00T (3US3UOD STTIITU $04) SUSTPRINQ-OTTIITUOTLAIOY
05 I8ATR380 (@) TOMOIN
00T 143nq pajeanyes
0s 184T93®D Muv TONOTN
001 pojeanies ‘eudtTidoad-ouadTiy
[+ s0380QEyY
00T sustTpRIng-suIasyg
0% 1sLTRIND () TONOIN
001 T43ng pa3sanjesun
0% 38478380 (Z) TMOIN
001 ueIpeIng~-susalag
0s 38dT838D Mov TaNROIN
001 pajeanjes ‘suatidoad-austiyry
06 18418380 (§) TIMOIN
00T aJuatpeRINg-IuUNALS
0% 18£TR3E0 BUTUNTY-BOTTIS
00T . usTpRINg-suaaLyg
0% 18418390 BISIUTBW-BUTINTE-BOTTTS
001 . UITPRING-JusILIS

unmmoz uoTIVTNULIOY

Q R
83a84

45,



0 €0 'S 60 89 G'T Tt #'0 ¢TIz 16T 908 ¢°0 0 0 00T
0 0 2’6 0T tf02TI¢ O°'GT G'T #°QT 2°05 0°6% 8°0 oS 0 00T
\Z
0 0 ¢*'6 9oea3 G'I2 ¢'2 8'9T w2 L°GT ¢°2s G'6¢ 2°8 of : 00T -~
0 20BI3 90BJ]} @0BAZ Q°22 §'2 L'02 67 0°2T 0°05 9'62 02 A 8 00T
0 9oea) 90Ba] 90BIA3 9°QT #°¢ 8°¢T 2°% L°OT O0°0f 0°'9¢ O0O°4e Gz G2 001
0 soeay (@ 9%ex3 L6 O0°¢ T1'6 6°% L'L Log 2'gh T1°Ge 0 0g 001
BH*D-0ST OTHYD ©PH®D °©°HtD VYHSD °H°0 YHO _©H sed §eD DINDTT Jeyp 0TS (V) #O0t ¥dd
Ja3qqny uo pased %-3M U] £30NpOJd SnoOased "M J9qqny uo pasedg TISMOTIN
*TONW %-3IM ‘sjonpoad Jy3TaM Aq
* 3ay sqaed ‘uoTarsoduo)

(#Of ¥4¥) HILEENY ANTTIAJOHA-INHTAHIE QIIVHALYS THFYNONA A0

NOILISOdWODHEA TVWHHHL NOdN ILNILNOD ISAIVLYO THMOIN 40 LOHJIIH




2 0¢ 0 lL'9 9oea] 8t ST G°0T 90 6°82 0" 45 GGt G°0 0 0 00T
L°9T 9] G°g 9oea] w°L 9'1 8°'GT 6°0 0°22 6°8g% 0'0G% 0°TI> 09 [ 001
¢l 0 6°G 9dBa] h'8 'T 2'oe T°'¢ £°¢T 0°9% 20 Q°¢I ch 8 00T
?oeag 0 soevJ] 9dBA3 90BJI]J 80BA} L'QT 9°9 %°G ¢°¢e L6 0°L¢ G¢ G1 00T
208J] Q0 9oBJ] O 9dea3 9oBa3 G'g 2°Q 9°¢ L°9T ¢°gL 0°Sq G2 Ge 00T
0 0 0 0 0 0 06 ] 9'¢ ¢°LT Ll 0°G4 o o] 00T
SA¥Y OFT Oig¥) SHED PBHED YHZD °H®D YHO °=H sep sep  DPINbIT JBYUD ©OTS (V) g9¢
J8qqny uo pased % IM UT S30NpOad SnOased ‘“IM Jaqqny uo paseg 191N 1£3ng
*TOW %-1M €sjonpoad JUITaM Aq
* BAy g3Jded ‘uoT3Tsoduo)d

(892 TALNL) HALHNH TALNG
QILVENILYVS aIUNONN J0 NOILISOJWOOHd TVWHHHI NOdN INHINOD ILSAIVIVO TEMOIN J0 LOHAAN

47.




Eramm—y ‘ . . . R o, [

G o2 0) ¢, 0T ¢ ¢ 0°'1 9°), S0 9°'ge T°'T% L° 85 c'0 0 0 00T
soea3 O 30BJ)] 90BJI] 90BA] o0BA} Q'QTL 8'G 0°9 9w 6°2h G'eg 14 [43 00T
9deaj o 9%'d] 90BJA] S90BJ] I0BJI] 9°L L'9 8'¢ ¢'#1 9°2S 1°¢¢ Ge Ge 00T
0] 6] 0 0 0] 9%BI] O0°Q '8 G'¢ T1°'9T T %k g8 6¢ 0 0% 00T
®H¥D>-0ST Oty®py SHt) SH®D _ ¥HED °HSD YHO °H SBD SeD PINPIT  JeYD <=0TS (V) 20S-an
aaqqny uo pased $-3IM UT £30Npoad SNOasedH IM J9qqny uo pasedq TI3HOIN 1£90g
* TON %-1M ‘s3onpoad JydTamM Aq
* 3AY gjaed ‘uotiTtsodulo)d

yEdaNYy TALOE QILVYALYSNA ‘QEynoNn d0 NOILIS
-OdWOJHEd TVWHHEHL NOdfNl LNAILNOD ILSATIVLVD THIOIN A0 LOHALH

48.

[



0 0 0 O ®%®Baj3 @°G2 2wl 2°25€ 9'o%> 2°. 9°G - urssy oTTousud 4
=

0 soeay d%eI3 6°22 9°¢ ¢°LE T1°9¢ O°% T°GL 6°02 2°+I 1°¢S 2T-L "UWS €00
J9qany J9uojlsg

O 9%Ba3 9%eJ3 6°91 §°¢ ¢°he 6°%4G 86T 6°G9 ¢ 41 6°0T G*g OT-9 UWS ‘°0D
Jaqqny JIs3uo0ag
OTH¥) ®HED ©H®0 *HZD SH®) *HD ©SH _dJeyp DINbJI sebp seh  (pPo3ew[3sod) TeTd938R
%-9TOW ‘uoT3Tsoduio) sed TeTaajeil 9T1T3IBIOA IM JSTTTd
uo pesed °TOW STT3BTOA-UON
§30Npoad %-IM °3Ay %-IM

STVIHHLVW ONILVINSNI dEdNONN
TVIDHIWWOD HOd VIVA NOILISOdWODIA TVWHHEHL

. [, — [EUSEN——— —— — e —




UOT]BOTJTIUSPT 35£[R3EBD JOJ Swas] Jo Aaessol3 93§
*

0 20ed) 0 0°'g AR 61T 0°8L 6°L 928 G'6 %'9 (V) T19%oTIN
0 aoea] soBI3 G ¢l L°¢ G*'6T ¢€°¢9 K¢ %°gg =2°'8 ¢°6 ungTpoyy w
0 ChL-b ! soea3 9°IT T°¢ L'6T 9°G9 T°¢T  ¢°6L 9°IT 9°8 unyperTed
0 90BIY ?orJ] 6°8 G2 L€T 8wl hUel 6°GL L°0T 6°'9 wnutieTd
0 aoea) soea) ¢€°G2 G4 1°¢¢ 0°.¢ O0°T> 0°98% 9°¢T G4l BOTTTS
0 90BIY %I}  L°G2 O°f% w'€¢ 6°9¢ 0°TI” 0°¢g¥ 0°9T G°fl uoqJae)
0] T°% soBa3 G°'I2 8'¢ g°62 8°9¢ ¢°0 916 1°'8 H°lT auoN
OTH?D SH®D  "®H®D _ *HZD _ SHeD YHO _2H Jeyd TDINDTI seh Sep 4 IOTITd
$-oTOW ‘uoTryTsodwo) sed %M FIM FIM me a0 g3sL1e3E)
* 3ay

JI3TTTd IO asf1eqen aud 0G
gaggny INAIAVING-INIHALS GHYNONA HOd VIVA NOILISOdWODId TVWHHHL

[ ] [ ] [ ] X S Je——

At Sarbs PR B 2 e 0



UOT3BOTJTAUSPT 1SATB3EO JOJ 2X87 UT suaaj Jo Aaessci3 wmmm

so8I] 0O 9oeaA3 66 6°2 29T 0O°1. 1°Ge
?%eva] 6°Qg 6°0 ¢'Ie L'¢ G'le Ll¢ T°G
9oeI3 6°6 8°1 0 gl 2’9 9°le G 9¢ GG
soay gl 1 T°LT 8¢ 992 9°¢y g L
0 0°8 8°0 8'92 8°¢ <'he H'92 80
9%eJd3 O°TT °T 9°le 8 G 1¢ 6°¢e 0°'1~”
90 l'¢T ¢e°¢ 692 46 0°62 ¢-°ce €0
CTHYD °SH®D SH®D *HED SH€D *HO °H hmso
%-9TOW ‘uotjrsodulo) sep %-IM

o ] oy oy L T ] L T |

PV

ANHTAdOHd -UNTIAHLY ILVHALVS dHHNONN HOJA VILVA NOILISOdWODHA TVWHIHL

¢ 8h
764
L7115
optete
064
0°gs~
9°08

pTINbTT
%-IM

HITIId ¥0 LSATVIVO HHd 0§

¥ o—y oy Wy Sy o} L] P}

L 9e
G 6¢
8 9¢
¢ ls
2106
8" Th
T°61

sen
Rup3

Ll (V) TeM9IN
f°91 unypoyy
: <
0 LT wunyperIed ¥
[ 4
8 HT wnutletd
7°8T BOTTIS
8° 61 uoqae)
¢ 12 BUON
sen +I9T1Td J0
IM aR-7.9 §-21-1]
* TOW
*3Ay

e

fe e b e i o



| el

APPENDIX 3

SCREENING TESTS OF THE CHARRING ABILITY OF CATALYTIC

FILLERS IN VARIOUS RUBBERS: HEATING RATE 30°F/MINUTE
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Catalytic Filler?

STYRENE-BUTADIENE RUBBER, UNCURED

Platinum
Palladium
Rhodium
Nickel
Nickel
Nickel
Nickel
Nickel
Nickel
Nickel
Cobalt
Vanadium
Iron
Nickel Oxide

Iron Oxide
Silica-Alumina
Silica-Alumina-Magnesia

moEEQU >

None
STYRENE-BUTADIENE RUBBER, CURED

Platinum
Palladium
Nickel_ (A)
SilicaP
Carbon®
Asbestos
Glass
Alumina

d

None
SATURATED ETHYLENE-PROPYLENE RUBBER, UNCURED

Platinum
Palladium
Rhodium
Nickel
Nickel (G
Nickel (E
Nickel Oxilde
Iron Oxide
Silica-Alumina

None

A

850 phr

bMonsanto Chemical Co. Santocel
Ccabots Sterling05
dJ0hns-Manville JM-301 5.

®

Wt-% Residue,
Based on Rubber
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Catalytic Filler®

Wt-% Residue,
Based on Rubber

ACRYLONITRILE-BUTADIENE UNCURED (HIGH NITRILE CONTENT)

Nickel (A)

None

ACRYLONITRILE-BUTADIENE, CURED (HIG1 NITRILE CONTENT)

Nickel (A)
None

SATURATED BUTYL, UNCURED
A)
B)
C
D

%

Nickel (
Nickel (
Nickel é
Nickel

Vanadium

None
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